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ABSTRACT 

 
Heat transfer enhancement has always been the main purpose in designing the heat exchangers 

in various industrial applications. In addition, nanofluids have shown potential as industrial 

cooling fluids due to the enhanced heat transfer characteristics particularly in heat exchanger 

applications. Whilst enhancing heat transfer using nanofluids, there is a trade-off of causing 

higher irreversibility and pressure drop. Therefore, in order to have a better view of thermal 

performances, it is necessary to consider other aspects of the thermal system in addition to 

heat transfer factors such as pressure drop and entropy generation. In the present study, the 

heat transfer characteristics and entropy generation analysis of a laminar nanofluid flow in a 3 

mm horizontal circular tube subjected to a uniform heat flux and slip boundary condition is 

evaluated numerically using ANSYS Fluent software. Two types of nanofluids that are obtained 



from dispersing of Al2O3 and SiO2 nanoparticles in pure HFE7000 are considered with particle 

volumetric concentrations of 0, 1, 4 and 6% and Reynolds numbers of 400, 800, 1200 and 1600. 

Results indicate that mean pressure drop reduces about 25% by using the slip boundary 

condition at the wall. In addition, while using a slipping wall pipe with slip length of 100 µm 

and 6% volume concentration of Al2O3 dispersed in HFE7000, total entropy generation 

decreases about 20% in comparison to pure HFE7000 flowing in a no-slip pipe.  
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Nomenclature 

A area,𝐦𝟐 

𝑪𝒑 specific heat J/kg K  

𝑪𝒇 skin friction coefficient  

D diameter, m 

𝒇 𝐟𝐫𝐢𝐜𝐭𝐢𝐨𝐧 𝐟𝐚𝐜𝐭𝐨𝐫 

K)2 (mheat transfer coefficient W/ h 

K thermal conductivity W/mK 

L length, m 

𝑳𝒔 𝒔lip length, m  

Nu Nusselt Number  

R radius of tube, m 

P pressure, Pa 

�̈�  heat flux W/m2 

Re Reynolds number  

S entropy (W/K) 

T temperature, K 

u velocity in axial direction, m/s 

�̇� workrate,W 

Abbreviations 

GWP global warming potential 

HFE hydro fluoro ether 

ODP ozone depletion potential  

 

 

 

Subscript 

 ave average 

𝒃𝒇 basefluid 

𝒇 fluid 

 𝒇𝒓 frictional  

gen generation  

in inlet 

𝒍 length, m 

m mean 

𝒏𝒇 nanofluid  

out outlet 

s nanoparticle(solid)  

th thermal 

tot total  

w wall 

 

Greek Symbols 

 

𝝆 density kg/m3 

𝜼 first law efficiency 

𝛆 second law efficiency 

𝝁 dynamic viscosity, kg/m s  

∅ volume concentration of nanoparticle 

𝝓 particle volume concentration (%) 

𝒃𝒇 basefluid 

  



INTRODUCTION 

 

Heat transfer in different applications can be increased by some factors. One of them is 

geometric parameters such as channel shape and pipe diameter. For instance, study results of 

Sarma et al.[1] showed an increased surface area to volume ratio significantly affects the flow 

dynamics in such miniaturized systems. Another factor is fluid conditions at the inlet such as 

pressure, temperature and velocity. Heat source conditions can be another factor. Physical and 

thermo physical properties of fluid or nanofluid such as viscosity, thermal conductivity, density, 

thermal capacity, volume fraction concentration, nanoparticles size are other factors that could 

be considered [2]. In industrial application some factors are constant and others can change. 

For example while pumping power and channel geometry are unchangeable, fluid properties 

and boundary conditions are problem variables.  One of the methods for changing properties 

of fluid is to add nanoparticles to the base fluid. Nano-sized particles that are dispersed in 

conventional fluids can improve the performance of fluids in heat transfer enhancement. This 

type of fluids are called nanofluids and are used widely in various applications such as heat 

exchangers, thermal energy storage and industrial cooling systems [3].Thermal conductivity 

can be increased by this method. Most of commercially nanoparticles are in type of dry 

powders. These nanoparticles are in different geometries such as plate, branch, pipe, spherical 

and bar type. Main difference in using micro particles and nano particles is the ratio of area to 

the volume that is much larger for nanoparticles. Increasing this ratio enhances the reaction of 

particles for example oxidation reaction. Therefore, usual nanoparticles have oxidation 

combination such as Al2O3 and  SiO2. are significant constituent in offshore interventions.  

For most of thermal systems increasing heat transfer is accompanied with undesirable 

significant pressure drop and entropy generation. Therefore, in order to have a better view of 

thermal performance, we should consider other aspects of a thermal system in addition to heat 

transfer parameters. Entropy generation analysis is one of the most powerful techniques to 

investigate the performance of thermal systems. There is an influential role of different 



performance index parameters viz., the geometric parameters, material properties, flow 

conditions on the irreversibility generation rate of the system [4].  Many researchers have 

studied entropy generation of thermal systems to determine the optimum operating 

conditions. Minimizing of global irreversibility of the system is the main subject of related 

investigations.  The investigation results of Gaikwad et al. [5] unveil optimum value of 

geometrical and thermo-physical parameters leads to a minimum entropy generation in the 

system. The effect of adding nanoparticles to the base fluid is not considered in their study. 

Investigation results for the effects of Al2O3 nanoparticle volume concentration on entropy 

generation of water-Al2O3 nanofluid flow through a circular pipe under constant wall heat flux 

boundary condition in laminar and turbulent regimes by Moghadami et al. [6]  show that an 

increase in volume concentration of nanoparticle causes a decrease in thermal entropy 

generation and as a results, an increase in the friction entropy generation. In the turbulent flow 

both of the friction and thermal entropy generation terms are at the same order of magnitude, 

while in the laminar regime the effect of the thermal entropy generation strongly outweighs 

than that of friction entropy generation. Another investigation is about the effects of geometry 

and flow regimes on entropy generation studied by Singh et al [7]. They investigated the heat 

transfer and entropy generation of Al2O3 dispersed in water in turbulent flow regime. Their 

results show an optimum diameter in entropy generation for turbulent flows inside the 

channel. The results of numerical analysis on the effect of using Al2O3-water with different 

volume concentration on hydrodynamic performance and thermal characteristics studied by 

Shalchi Tabrizi et al. [8] indicating that using nanofluids as a cooling fluids will lead to a 

significant increase in heat transfer. In addition, heat transfer enhances with increase in volume 

concentration, however using of nanofluids need a more powerful pumping source. Finally, 

they concluded that the increase in volume concentration and Reynolds number and decrease 

in nanoparticle diameter tend to decrease the entropy generation. Also change in fluid 

temperature and temperature gradient across the fluid and the walls of the channel alters the 

heat transfer rate, leading to the entropy generation in the system, investigated by Gaikwad et 

al [9].  As indicated, the increase in heat transfer is accompanied with undesirable significant 



pressure drop and entropy generation in most cases. Therefore, if we could compensate these 

variables, we would have achieved a better thermal performance. One of the techniques to 

decrease pressure drop is to use surfaces with slip boundary condition at the walls. 

Superhydrophobic surfaces can be noticed as a practical model of a slipping surface. This kind 

of surfaces contain micro or nanoscale hydrophobic features which can support a shear-free 

air-water interface between peaks in the surface topology [10] . The slip-length based on the 

Navier slip condition at the wall is independent of the precise flow over the surface and can be 

used to describe the slip boundary condition[11] using of these boundary conditions decrease 

the drag and friction in both laminar and turbulent flow regimes [12]. These slippage surfaces 

could be produced from some polishing methods with organic materials such as paraffinic 

hydrocarbons and some inorganic materials such as ZnO and TiO2. Micro sized roughness of 

these surfaces make fluids to slip on the surface and this mechanism reduces the fluid-solid 

contact and friction. Besides, the results of the two-dimensional squeezing nanofluid flow 

under the effects of a uniform transverse magnetic field and slip boundary conditions, have 

been studied by Sobamovo et al. [13] illustrating that in slip condition, fluid velocity increases 

with the increase of magnetic field while in the case of no-slip condition fluid velocity decreases 

with enhancement of magnetic field. In another study investigated by Yazdi et al., the slip 

velocity effect shows a reduction in wall friction through flow boundary layer [14]. According 

to the results of other investigation done by Somasekhar et al. [15], adding nanoparticles to the 

water could significantly increase the heat transfer characteristics. The nanoparticle 

distribution analysis investigated by Malvandi et al [16] also indicate that nanoparticles 

migrate from heated wall toward the axis of microchannel and have non-uniform distribution. 

Investigation results of the transient and steady state flow regimes of slip flow condition 

studied by Chen et al. [17] indicate the pressure driven flow and shear flow are in opposite 

direction, the stationary liquid may be generated on the moving wall. This phenomenon is 

important to prevent liquid leakage during wafer scanning and the corresponding parameters 

are optimized in order to improve advanced immersion lithography. The results of another 

investigation done by Xie et al. [18] have indicated that wall slip and inertial force do not have 



significant influence on load capacity and friction force. Inertial force slightly increases the 

pressure and the load capacity by 1.2% and 4.8% respectively, while the wall slip decreases 

pressure and load capacity by 15.98%, 2.33%, respectively. Inertial force and wall slip decrease 

friction by about 15.98%, 2.33%, respectively. An increase in volume concentration and slip 

velocity coefficient tend to enhance the heat transfer rate studied by Rahmati et al. [19]. Their 

results show that with the increase in slip velocity coefficient would be a better chance of 

decreasing the temperature gradient at the wall. In their study the entropy generation analysis 

is not considered. Thus, it could be an interesting research to evaluate the second law of 

thermodynamic in the presence of slip reaching to an appropriate design of nanofluid flow and 

heat transfer. Numerically analysis of the flow and heat transfer characteristics of low pressure 

gas in slip flow regime is the subject of another investigation in this field by Xie, et al.[20]. 

Moreover, entropy generation analysis results by Karimzadehkhouei, et al.[21] show a 

significant increase in entropy generation while adding Al2O3 and TiO2 to the base fluid. The 

effect of slip boundary condition is not considered in their study as well. 

Researchers have found that a group of hydrofluoroethers can be used as substitute of HFC, 

HCFC, CFC gases due to their similar properties such as low conduction coefficient, low surface 

tension, high volatility and low flammability. In addition, high ozone deflection effect of CFC 

and HCFC gases made HFEs as third generation of refrigerant gases. Shorter life time and lower 

global warming potential (GWP) are two other reasons for using HFEs. The investigation on 

HFEs as a base fluid in nanofluid flow and heat transfer is a motivating research and it is noted 

that HFE7000 would be the base fluid considered in this study with chemical formula of 

C3F7OCH3. There have been many theoretical and numerical models developed specifically for 

entropy generation analysis of nanofluids inside of the pipe. However, to the best of our 

knowledge, no investigation has been made yet to analyze the entropy generation analysis of 

the slip nanofluid flow and heat transfer with HFE7000 base fluid with uniform heat flux 

condition. Therefore, the objective of this study is to increase the heat transfer enhancement 

and to reduce exergy losses of nanorefrigerant flow inside the tube in the presence of slip 

boundary condition. 



MODELING AND ANALYSIS 

In this study numerical solution is accomplished using finite volume method software ANSYS 

19.0. Figure 1 shows schematic of analysis model. After two-dimensional modelling and 

meshing a 3 mm diameter pipe with length of 500 mm, solution is run only for the top half of 

model because of symmetrical assumptions. Fluid enters the tube at the pressure of 1 bar and 

temperature of 283 K. Constant heat flux of 1000 W/m2 is subjected to the top wall as the source 

of heat. Inlet velocity is for different Reynolds numbers of 400, 800, 1200 and 1600. Considered 

slip length in our study assuming superhydrophobic surfaces is between 50 to 200 µm 

 

 Figure 1 schematic of present internal flow model 

At the first step of the modeling, pure HFE7000 is used as fluid and there is no-slip condition at 

the wall. Next, the computation is carried out with slip boundary condition at the wall using 

Al2O3 and SiO2 nanoparticles to the base fluid with a volume fraction of 1, 4 and 6 %. Nanofluid 

is assumed as a single phase homogenous fluid low and incompressible.  The fundamental 

continuity, momentum and energy equations are shown as: 

Continuity equation 

𝛻 . (𝜌𝑛𝑓  𝑉) = 0 

Momentum equation  

 𝛻 . (𝜌𝑛𝑓  𝑉𝑉) = − 𝛻𝑃 + 𝛻. (µ𝑛𝑓  𝛻𝑉) 

 

Energy equation  

𝛻 . (𝜌𝑛𝑓  𝑉𝐶𝑝𝑉) =  𝛻 . (𝐾𝑛𝑓  𝛻𝑇) 

(1) 

(2) 

(3) 



 

Table 1 illustrates the thermodynamic properties of fluids and nanoparticles that are used in this paper.  

As observed, the case of Al2O3 indicate the highest density and specific heat compared to the water 

flow. 

Table 1 Properties of water, HFE7000 and particles 

Fluid/particle 
Properties 

Density 
kg/𝑚3 

Specific Heat 
J/(kg.K) 

Thermal 
Conductivity 
W/ (m.K) 

Viscosity 
kg/ (m.s) 

Reference 

Water 998.2 4182 0.6 0.001003 [22] 
HFE7000 1446.1 1204.6 0.079 0.00058 [23] 
Al2O3 3970 765 40 - [24] 
SiO2 2200 703 1.2 - [25] 

 

Density of nanofluid is defined as  

𝜌𝑛𝑓 =  ∅ 𝜌𝑠 + (1 −  ∅) 𝜌𝑏𝑓 

 

where ∅ is volume concentration of nanoparticle, 𝜌𝑠  is nanoparticle density and 𝜌𝑏𝑓is density 

of base fluid. Dynamic viscosity can be calculated by Einstein's equation [28] as:  

𝜇𝑛𝑓 =  𝜇𝑏𝑓  (1 + 2.5 ∅) 

 

where 𝜇𝑛𝑓  is nanoparticle dynamic viscosity and 𝜇𝑏𝑓  is dynamic viscosity of base fluid. Thermal 

conductivity is estimated by the following equation [29]:  

𝑘𝑛𝑓 = 𝑘𝑏𝑓  
[𝑘𝑠 + (𝑛 − 1) 𝑘𝑏𝑓 + (𝑛 − 1)∅(𝑘𝑠 − 𝑘𝑏𝑓)]

[𝑘𝑠 + (𝑛 − 1) 𝑘𝑏𝑓 − ∅(𝑘𝑠 − 𝑘𝑏𝑓)]
 

 

where 𝑛 is the parameter for the shape of solid particle and is equal to 3 for the spherical ones. 

𝑘𝑏𝑓  and 𝑘𝑠  are the thermal conductivities of the base fluid and solid particles, respectively. 

Specific heat is obtained by following equation [30] , 

𝐶𝑝,𝑛𝑓 =  
∅(𝜌𝑐𝑝)𝑠 + (1 −  ∅ )(𝜌𝑐𝑝)𝑏𝑓)

∅𝜌𝑠 + (1 − ∅) 𝜌𝑏𝑓)
 

(4) 

(5) 

(6) 

(7) 



where 𝑐𝑝,𝑏𝑓  and 𝑐𝑝,𝑠 are the heat capacity of the base fluid and solid particles respectively. The 

inlet fluid velocity is also related to the following Reynolds number,  

                                         Velocity of nanofluid (V) = 
𝑅𝑒𝑦𝑛𝑜𝑙𝑑𝑠 𝑛𝑢𝑚𝑏𝑒𝑟∗ 𝜇𝑛𝑓

𝜌𝑛𝑓∗𝐷
 

 

At the first, the wall boundary condition is assumed as no slip condition and the wall shear 

stress would be in the case of no-slip without velocity slip at the wall. The next step of numerical 

analysis is related to the velocity slip boundary condition whereby a lower shear stress would 

be exerted at the wall. According to the Navier’s model, the slip velocity at solid–liquid 

boundaries is linearly proportional to the velocity gradient at the surface. The velocity slip and 

velocity gradient at the wall are related to the slip length as follows [31], 

𝑙𝑠 =  
𝑢𝑠

𝑑𝑢/𝑑𝑦|𝑤
 

By means of the exerted shear stress and the velocity gradient at the wall, the slip length is 

applied in order to be applied at the numerical analysis. It is noted that the constant heat flux 

of 1000 W/m2 is subjected to the upper wall and inlet developing length is assumed 500 mm. 

Continuity, momentum and energy equations are solved by boundary conditions using ANSYS 

Fluent 19.0. Equations for calculating coefficients and heat transfer parameters are expressed 

below. Local heat transfer coefficient  

ℎ (𝑥) =  
𝑞"

𝑇(𝑥)𝑤 −  𝑇(𝑥)𝑓,𝑚
 

Where 𝑇(𝑥)𝑤 is the local temperature of the wall. This variable is equal to the largest value of 

calculated temperature for meshes at given (𝑥) . 𝑇(𝑥)𝑓,𝑚  is also referred as the mean fluid 

temperature at (𝑥). Average Nusselt number is obtained by:  

𝑁𝑢𝑎𝑣𝑒 =  
ℎ𝑎𝑣𝑒𝐷

𝐾
 

Where D and K are diameter of tube and thermal conductivity of pure fluid/nanofluids 

respectively. Average temperature is defined as:  

𝑇𝑎𝑣𝑒 =
𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡

𝑙𝑛 (
𝑇𝑖𝑛

𝑇𝑜𝑢𝑡
)

 

(10) 

(11) 

(12) 

(9) 

(8) 



Total entropy generation that consists of two parts: thermal and friction irreversibilities [32]  

𝑆𝑡𝑜𝑡 =  
(𝑞")2𝜋𝐷2𝐿

𝑁𝑢𝑘𝑇𝑎𝑣𝑒
2 +

32�̇�3𝑓𝐿

𝜋2𝜌2𝑇𝑎𝑣𝑒𝐷5
 

Where �̇� is the mass flow rate and 𝜌 is the density of pure fluid/nanofluids. 𝑓 indicates friction 

factor:     

𝑓 =  
2. ∆𝑃. 𝐷

𝜌. 𝑉2 . 𝐿
 

Where ∆𝑃 indicates pressure drop from inlet to outlet and 𝑉 is inlet fluid velocity. In this study, 

the Bejan number is defined as the ratio of heat transfer irreversibility to the total 

irreversibility due to heat transfer and fluid friction for the laminar nanofluid boundary layer 

flow. Mathematically, Bejan number is given as  

  

𝐵𝑒𝑗𝑎𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 =  
𝐻𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑖𝑟𝑟𝑒𝑣𝑒𝑟𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦

𝐸𝑛𝑡𝑟𝑜𝑝𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑛𝑢𝑚𝑏𝑒𝑟
 

 

Meshing independency 

Meshing should be optimized in order to have acceptable precision and prevent not necessary 

calculation. In Table 2 entropy result for some different meshes is shown at Reynolds number 

of 800. 

Table 2 Meshing independency 

Row Number of Meshing Mean Fluid Temperature % Difference 
1 2400*6 284.78 - 
2 3600*10 284.86 0.02 
3 4800*12 284.85 0.003 
4 6000*14 284.85 0.001 

 

Figure 2 shows the modelling of the mesh in this study. 

(13) 

(14) 

(15) 



 

Figure 2 Meshed Model 

Simple scheme is used for pressure-velocity coupling relation. In addition, second order 

scheme is chosen for the pressure, momentum and energy spatial discretization and Least 

Squares Cell Based for the gradient segment. Figure 3 shows the solution iterations in 

workbench of ANSYS 19.0. 

 

Figure 3 Convergence diagram 

In order to validate the study, we compare the solution results for average heat transfer 

coefficient with a similar study. Results are obtained for a flow of HFE7000 with different 

volume concentration of Al2O3 nanoparticles, along a pipe with diameter of 4.75mm and length 

of 1.2m at the Reynolds number of 800 and a constant heat flux of 1000 w/m2 is subjected to 

the wall. As it is shown in Table 3, results have a good agreement. 

  



Table 3 Comparing average heat transfer coefficient results at Reynolds number of 800 in the 

present study with the study of Helvacy and Khan[33] 

Comparing average heat transfer coefficient results 

  

Reynolds 

numbers 

Fluid 

HFE7000 HFE7000+1%Al2O3 HFE7000+1%Al2O3 HFE7000+1%Al2O3 

Present 

study 

400 97/71 100/35 108/51 114/19 

800 116/39 119/38 128/61 134/99 

1200 132/20 135/51 145/70 152/74 

1600 146/04 149/64 160/70 168/34 

Helvaci 

and Khan  

400 96/21 98/55 106/68 112/46 

800 114/45 117/42 126/48 133/05 

1200 129/41 133/01 143/01 150/04 

1600 142/34 145/94 157/19 164/84 

% 

Difference 

400 1/53 1/79 1/69 1/52 

800 1/67 1/64 1/65 1/44 

1200 2/10 1/85 1/85 1/77 

1600 2/53 2/48 2/19 2/08 

 

In addition, numerical results of present study are compared to the experimental results of 

Helvacy and Khan in Table 4. 

Table 4 Comparing average heat transfer coefficient for numerical and experimental results of of 

Helvacy and Khan[33] 

Comparing average heat transfer coefficient results 

D=4.75m;L=1.2mm;Wall heat flux=1000 w/m2 

x 
Present 

study 
Experimental 

Results 
%Difference 

0/3 1099/2 1004/37 9/44 

0/5 967/8 856/25 13/03 

0/7 912/6 778/13 17/28 

0/95 743/3 720/03 3/23 

1/17 694/9 687/24 1/12 

 

 

  



RESULTS AND DISCUSSION 

Figure 5 illustrates the variations of pressure drop with respect to slip length in different 

dosage of Al2O3 and SiO2.  Using walls with slip boundary condition decreases the pressure drop 

while adding nanoparticles to the base fluid tend to increase it. Considering the case when the 

flow is fully developed, typically Re = 800, it is worthwhile to investigate the effect of doping 

different concentrations of Al2O3 and SiO2.    

 

Figure 5. Pressure drop for different slip lengths – Re=800 

The pressure drop depends on the friction and magnitude of velocity gradient near the wall. 

Using of slipping surfaces tend to decrease the friction whereby the pressure drop decreases. 

Results for pressure drop with slip length of 100 µm shows 20% decrease in comparison to no-

slip wall. Comparing the results for two different nanoparticles, Al2O3 and SiO2 shows that 

pressure drop in HFE7000 fluid with dispersed nanoparticles of SiO2 is more significant than 

the Al2O3 nanofluids. For example, pressure drop for HFE7000 fluid with 1% volume 

concentration of SiO2 is 106 psi while it is 103 psi for the Al2O3 nanofluid.  Figure 6 shows that 

the fluid flow illustrates velocity values adjacent to the wall since a slip condition is exerted at 

the wall.  
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Figure 6 Velocity magnitude of fluid 

The analysis of the flow field in a boundary layer adjacent to the wall shows the occurrence of 

the velocity slip at the wall. This slip also is indicated in the previous studies investigated by 

Yazdi et al [34]. Figure 7 illustrates the combination effects of velocity gradient and slip 

condition for various values of volume concentration of Al2O3 and SiO2 dispersed in HFE7000 

at Reynolds number of 800. Velocity gradient increases with the enhancement of Reynolds 

number and enhancement in volume concentration of nanofluids. Results indicate that the 

velocity gradient for nanofluids with 6% volume concentration of Al2O3 is about 20% more than 

using of pure base fluid in similar condition. Comparing the results of two different 

nanoparticles shows larger velocity gradient for Al2O3 nanofluids. 

 

Figure 7 Velocity gradient for different slip lengths – Re=800 

Increasing the inlet velocity makes velocity gradient to increase. Slip velocity is 11, 24, 36, and 

48 mm/s for different Reynolds number of 400, 800, 1200, and1600 respectively. These 
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velocities are on average about 22.5% of the free flow velocity. Slip velocity for different 

Reynolds number at various slip lengths is shown in Figure.8 

 

Figure 8 Slip velocity for different slip lengths – Re=800 

Skin friction coefficient for different volume concentration of Al2O3 and SiO2 is indicated in 

Figure 9. The results show mean skin friction coefficient increases with enhancement of 

nanoparticles volume concentration. This coefficient decreases while there is slip at the wall 

and enhances with increase in Reynolds number. It is worth pointing out that HFE-SiO2 shows 

higher values of shear stress compared with the HFE-Al2O3. Figure 10 also shows an example 

of problem solution results for skin friction coefficient (C f). 

  

Figure 9 Skin friction coefficient for different slip lengths – Re=800 
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Figure 10 Skin friction coefficient 

Velocity slip condition at the wall and adding nanoparticles tend to decease the result of Tw - 

Tfm and this is due to the heat transfer coefficient increases in both of them. Figure 11 indicates 

have for different volume concentration of Al2O3 and SiO2 dispersed in pure HFE at different slip 

lengths. It is noted that have at the 100 µm slip length is about 14% more than nonslip boundary  

 

Figure 11 Average heat transfer coefficient – Re=800 

Figure 12 illustrates the have versus slip lengths for various values of Reynolds numbers. 

Increasing the Reynolds number in laminar flow changes have versus slip length graphs from 
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linear to parabolic shape and the consequence indicates that the increasing of slip length has 

less influence on have with low Reynolds numbers.  

 

Figure 12 Average heat transfer coefficient for different Reynolds numbers 

Figure 13 shows friction irreversibility versus slip lengths for various values of nanofluid 

concentrations. It is noted that the slip condition at the wall decreases the friction factor and as 

a results it reduces the friction irreversibility. Adding nanoparticles also tend to increase the 

friction irreversibility.  

 

 

Figure 13 friction irreversibility versus slip lengths 

 Figure 14 shows thermal irreversibility versus slip lengths for various values of nanofluid 

volume concentrations. According to equation (13), thermal irreversibility has shown an 

inverse relation with the Nusselt number and therefore an increase of have tend to reduce the 

thermal irreversibility.  
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Figure 14 Thermal irreversibility versus slip lengths 

Total entropy generation consists of two parts, friction and thermal irreversibility. Figure 15 

illustrates the total entropy generation versus slip lengths for various values of nanofluid 

volume concentrations. It is interesting to note that the total entropy generation will decrease 

by both the nanofluid volume concentration and slip lengths. It means using HFE7000 

nanofluids accompanied by superhydrophobic heat exchanger walls could decrease the total 

entropy generation leading to a reduction in exergy losses. The total entropy generation for 

HFE7000 with 6% volume concentration of Al2O3 with slip length of 100µm is almost 25% less 

than the case using pure base fluid without slip boundary condition. 

 

Figure 15 Total irreversibility versus slip lengths 

The effect of involved parameters on Bejan number shown in Figure 16. The results show that 

Bejan number decreases with adding nanoparticles to the base fluid due to the decreasing of 

thermal irreversibility in total entropy generation. Results are different for Al2O3 and SiO2 

because of their difference in pressure drop and consequently frictional irreversibility. 

Pressure drop is slightly larger for nanofluids that contain SiO2 nanoparticles. The friction 
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irreversibility is larger for SiO2 nanofluid whereby the Bejan Number value is smaller compared 

with the case of AL2O3. 

 

Figure 16 Bejan number versus slip length 

Figure 17 shows total heat transfer rate versus slip lengths for different Reynolds numbers. 

The total heat transfer rate decreases with applying the slip to the wall and increases with the 

Reynolds number for the slip lengths smaller than 100 µm. 

 

Figure 17 Total heat transfer rate versus slip length 

Results show for the slip lengths larger than 100 µm, Reynolds numbers show opposite effects 

on total heat transfer rate. This means that if we intend to increase the total heat transfer rate 

by Reynolds number, we should predict our optimum slip lengths results to reach the highest 

heat transfer rate. At slip length of about 100µm the effect of Reynolds number on total heat 

transfer will be neglectable. This is due to the slip condition effect at the wall whereby the 

friction drops and the flow cannot touch the wall properly leading a decrease of total heat 

transfer rate.
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CONCLUSION 

 

In most heat exchanger applications, the pressure drop reduction and heat transfer 

enhancement will be desired. In this study heat transfer and entropy generation analysis of a 

single phase homogeneous nanorefrigerant flow is analyzed with a constant wall heat flux in 

the presence of slip boundary condition. Using of partial slip at the wall tends to decreases total 

heat transfer rate but illustrates positive effect on the decreasing pressure drop leading lower 

entropy generation at the wall. Based on the results and discussions, the following conclusions 

can be reached:  

 By using of slip condition walls, mean pressure drop reduces about 25% on average. 

 Adding nanoparticles to the fluid enhances heat transfer coefficient about 17%. 

 Total entropy generation while using of nanoparticles and slip wall condition decreases 

about 20% in comparison to pure HFE7000 flowing in a no-slip pipe 

 Slip length decreases the total heat transfer rate. At slip length of 100 µm, total heat 

transfer rates are equal for different inlet velocity of fluidand it means the effect of 

Reynolds number would be negligible.  

 Friction irreversibility increases as the inlet velocity enhances and this means at larger 

Reynolds numbers the order of friction and thermal irreversibility can get closer and in 

such problems finding an optimum Reynolds number can be useful. 

 The total entropy generation will decrease by both the nanofluid volume concentration 

and slip lengths 
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